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Abstract

This paper reports on the first optically tunable graphene oxide memristor device. Modulation of resistive
switching memory by light opens the route to new optoelectronic devices that can be switched optically
and read electronically. Applications include integrated circuits with memory elements switchable by
light and optically reconfigurable and tunable synaptic circuits for neuromorphic computing and brain-
inspired, artificial intelligence systems. In this report, planar and vertical structured optical resistive
switching memristors based on graphene oxide are reported. The device is switchable by either optical
or electronic means, or by a combination of both. In addition the devices exhibit a unique wavelength
dependence that produces reversible and irreversible properties depending on whether the irradiation is
long or short wavelength light, respectively. For long wavelength light, the reversible photoconductance
effect permits short-term dynamic modulation of the resistive switching properties of the light, which
has application as short-term memory in neuromorphic computing. In contrast, short wavelength length
induces both a reversible photoconductance effect and irreversible changes due to reduction of the
graphene oxide. This has important application in the fabrication of neural networks with factory defined

weights, enabling the fast replication of artificial intelligent chips with pre-trained information.

1. Introduction

Leon Chua’s pioneering work on the theoretical description of memristors[1] combined with HP Labs

link to memristor switching in metal oxides[2], and the more recently demonstrated use of memristors
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as artificial synapses in neuromorphic computing[3][4] has sparked enormous resurgence in these two-
terminal, non-volatile memory devices. Among the emerging memory technologies including
ferroelectric RAM, magnetic RAM and phase change RAM, resistive switching RRAM is considered as
a promising candidate for next generation memory owing to its low power operation, fast switching
speeds, high-density crossbar integration, long data retention and endurance capabilities[5-8].
Memristors are typically switched between two resistance states, a high resistance state (HRS) and a low
resistance state (LRS), when an electrical bias is applied. However there are significant advantages if
devices can as well be switched by optical means since optical signalling supports higher bandwidth
communication, faster transmission speeds and the ability to decouple signals from electronic noise. A
suite of potential new applications include; switchable memory elements in optical communications and
photonic integrated circuits, optically tunable synaptic elements and new types of light sensors that can
be used in cellular neural network cameras[9-11]. The latter having the important advantage that some
in-memory processing of the image (e.g. edge detection) can be done directly at the level of the focal
plane on the camera chip, which eliminates problems associated with the slow data transfer bottleneck
between the optical sensor and the main processor. The fast parallel nature of light patterning also
facilitates optical re-programming (or erasure) of memory banks or the ability to fine-tune memristors
electronic properties during fabrication to desired quality-control specifications. We believe the optical
control of memristors has significant advantages in neuromormphic computing, whereby light acts as an
additional degree of freedom to dynamically adjust the synaptic learning properties (e.g. plasticity) of
indvidual memory elements or regions of elements[12], thereby providing enhanced learning/training
properties and/or new circuit functionality. In many ways, the use of light in this manner affords the
ability to control a network in much the same way that bio-chemical reactions mediate changes in the

learning and the structure of biological brains during its lifetime.

To date, relatively few optical memristors have been reported. Devices have been demonstrated that
exhibit optical reading[13][14], and optical switching[15-17], and recently we reported[12,18,19] on a
polarization specific switching device that exhibited both a latched Set and latched Reset (erase)
functionality. In this work, we report for the first time a graphene oxide (GO) based-resistive switching
device that shows both reversible and irreversible effects with light exposure, as well as standard resistive
switching properties under dark conditions. Resistive switching has been demonstrated in GO based
devices before[20-28], however, to the best of our knowledge, optical modulation of the resistive
switching in GO-based memories has not been shown. Graphene oxide has excellent optical and

electronic properties which make it a useful candidate for optoelectronic applications[29-31]. The
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reduction of graphene oxide to reduced graphene via optical means improves the electrical properties of
GO films[32,33], whilst also enabling band gap engineering. In this report we utilize both the
photocurrent response of GO films[34,35] and optical reduction of the GO to control the electronic

properties of our memristor devices.

2. Methods

The graphene oxide (GO) thin-films, Figure 1(a), were prepared from commercially available GO flakes
(4 mg/ml dispersion in water purchased from Sigma Aldrich). This solution was diluted in deionized
water (D) in different ratios (GO:DI), (1:50, 1:40, 1:30, 1:20, 1:10, and 1:2), as shown in Figure 1b, to
give different thicknesses of GO films of (70, 105, 130, 200, 370, and 500) nm, respectively. The
solutions were deposited onto two different device types, vertical and planar device. The substrate for
the vertical devices and planar devices were ITO coated glass substrates (purchased from Delta
Technologies) and interdigitated ITO substrates (purchased from Ossila and consisting of 100 micron
wide ITO electrodes with spacing of 50 micron), respectively. In both cases thin-films of GOx were made
by drop casting. The samples were then annealed at 45°C for 30 minutes in air. In the case of the vertical
structure devices, 200 nm thick top silver electrodes were deposited by thermal evaporation under
vacuum conditions using a shadow mask containing 400 um diameter circles.The schematic of the two
optical memristors types is shown in Figure 1(c) and 1d). I-V sweeps were carried out using a probe
station equipped with an HP4140B source-meter unit. Optical illumination of the devices was done by
red (625 nm), green (525 nm), blue (465 nm) and UV (380 nm) LEDs that were adjusted to give an

average power per unit area of 44 mw/cm?.

3. Results

Two device architectures consisting of vertical and planar electrode geometries were investigated, as
shown by device schematics in Figure 1c) and 1d), respectively. The GO vertical devices consist of a
large-area ITO bottom electrode, a middle GO layer and thermally deposited silver top electrodes. The
GO planar devices instead consisted of a GO layer drop-casted directly onto a substrate consisting of
interdigitated ITO electrodes on glass. The variation in the thickness of the active GO layer, 500 nm
(vertical) vs. 50 um (planar), plays a significant role in their electrical and optical properties. The results

are reported separately in the two sections below.
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Fig. 1. a) Optical microscopy image of a drop-casted GO film. b) GO solutions with different
concentrations of 1:50, 1:40, 1:30, 1:20, 1:10, and 1:2 for samples 1 to 6, respectively. ¢) Schematic of
the optical resistive switching device consisting of GO deposited between ITO and Ag electrodes
(vertical structure). d) Schematic of the optical resistive switching device consisting of GO deposited

between ITO electrodes (planar structure).

3.1  Planar Devices

Figure 1(a) shows the optical microscope image of an as-deposited GO film deposited on a glass substrate
to form a uniform, thin-film of GO flakes. In contrast, Figure 2(a) shows the optical microscope image
of a GO film deposited onto a planar device consisting of interdigitated ITO electrodes. The image shows
the device after the application of an electroforming process, which was found necessary (only in the
planar devices) to initiate resistive switching. Before the forming process, devices had high resistivity
and no resistive switching. However, when a device was swept between —8 V and +8 V with a compliance
current of 10 mA, see inset Figure 2(b), conductive paths across the GO film regions between the ITO
electrodes were formed, most likely due to reduction of the GO via a Joule heating process to form

partially reduced form of GO, as detailed in the discussion section. After this process, it was found the
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GO layer between the ITO electrodes contained bubble-like structures (mostly likely due to gas
evolution), as shown in Figure 2(a), and the device acted as a memristor with the characteristic signature
of a pinched hysteresis loop through the origin, as can be clearly seen by the 1-V loops shown in Figure
2(b). The observed bipolar resistive switching was found to be reproducible and the switching SET and
RESET voltage occurred at much lower voltage, between + 2V, than that used in the electroforming step.

0
Voltage (V)

Fig. 2. a) Optical microscope image of a planar GO device after an initial forming step to convert the
device into a memristor device. The dark regions between the ITO electrodes is bubbling of the GO film
due to reduction of the GO by Joule heating. b) I-V characteristics of the memory device after the forming

step. The inset shows the 1-V properties during the forming step.

Once the planar memristor device was formed by electroforming, the effect of optical illumination of the
device on the electronic switching was investigated. Figure 3(a) shows the photocurrent response of the
planar device to UV light (A=380 nm) as a function of time at a constant voltage bias of 0.1 V and with
the illumination cycled between ON (60 s)and OFF (60 s). The inset also shows the photocurrent response
with illumination by red (625 nm), green (525 nm) and blue (465 nm). Illumination by all four
wavelength types produces a photo-response, whereby the current increases and decreases when the light
source is ON and OFF, respectively. This is also leads to changes in the resistive switching properties of
the device as shown by the curent-voltage sweeps, performed on the device before and after light

exposure, as shown in Figure 3(b).
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Significant differences in the response of the device with illumination by UV and visible light (RGB) are
clearly shown. UV illumination produces more than 10 times the change in the current than illumination
by visible light. Also, whereas illumination by RGB light is perfectly reversible, as indicated by the flat
baseline with repeated on/off cycles and the current of the device returning to its pre-illuminated value
at the end of an off cycle, illumination by UV includes both a reverisble and an irreversible component.
With repeated ON/OFF cycling the baseline value increases with time indicating that in addition to the
reversible optical effect there is a significant irreversible effect present. Figure 3(c) examines this more
closely by illuminating the device to UV light for 33 minutes and then leaving the device in the dark for
an extended amount of time, approximately 1 hour. In this case, the irreversible change in the
conductance of the device can be clearly seen. The effect of this on the memristance properties of the
device is also evident, as shown by the current-voltage plots in the inset. We ascribe this irreversible

effect to partial reduction of the graphene oxide, as will be detailed in the discussion section.
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Fig. 3. a) Dark and light photocurrent response of a planar device (ITO/GO/ITO) at 0.1 VV when irradiated
with a 380 nm UV light source as a function of time and showing both a reversible and irreversible

components. The inset shows the response of the device to red (625 nm), green (525 nm) and blue (465
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nm) light (using the same irradiance). In this case, the longer wavelength light produces only a very small
photoreponse effect, which is perfectly reversible. b) Current-Voltage properties of the same device that
is initially in the dark (black curve), after irradiation with UV light (red curve), and a short period in the
dark (blue curve). ¢) Photocurrent repsonse of the device to UV light during a long exposure time (33
minutes) followed by measurement in the dark for 1 hour and showing an irreversible change in the
conductance. The inset show the current-voltage properties before (black) and after (orange) the

photocurrent measurements.

3.2 Vertical Devices

As was found in the planar structured GO memristor device, the vertical structured GO memristors
similarly exhibited a photoresponse and changes in the memristor switching properties upon irradiation
with UV light. In contrast to the planar devices, it was found that an initial electroforming step was not
needed in the vertical structured devices. Figure 4(a) illustrates the photocurrent response of an
ITO/GO/Ag device at a constant voltage of 0.1 V as a function of time. Upon exposure to 380 nm light
the current increased from about 4.3 x 10® A to about 1 x 107 A during the first 5 minutes. After turning
OFF the UV light, the photocurrent decreased to about 6.3 x 10~* A after a period of 3 minutes. With
subsequent ON/OFF cycling the baseline value increased with time indicating that in addition to the
reversible optical effect there is a significant irreversible effect present, as was similarly observed in the

case of the planar devices.

The influence of UV light illumination on the memristor switching properties is shown in Figure 4 (b).
The graph shows the I-V curves of the vertical structured optical memristor in dark conditions and with
illumination with UV light. The illumination shifts the I-V curves of both the ON and OFF state currents
to higher values (red curve) in comparison with the initial I1-V sweep (black curve) that was measured in
the dark. Turning the light OFF, and waiting for a period 150 s, demonstrates the effect is partially

reversible, as shown by the return the I-V (blue) curve close to its initial position.
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Fig. 4. a) Dark and light photocurrent response of vertical device (ITO/GO/Ag) at 0.1 V when irradiated
with a 380 nm UV light source as a function of time. b) Optical modulation of the electronic switching
characteristics of an ITO/GO/Ag memristor (370 nm thick of GO) in dark (black curve), during
irradiation with UV light (red curve) and in dark again (blue curve).

The electronic switching properties of the vertical devices were further studied by examining the current-
voltage switching properties of devices with different GO film thickness, as shown in Figure 5 (a). The
applied voltage was swept between — 1 V and +1 V with a current compliance of 10 mA to protect the
devices from breakdown. All devices showed bipolar resistive switching properties and unlike the planar
structured devices, none of the devices required a forming step to initiate switching. However, there were
significant differences in the resistive switching properties as a function of the GO film thickness.
Devices having thin GO films exhibited abrupt transitions between the HRS and LRS states whilst
devices with thick GO layers had smooth current - voltage curves. The ON and OFF currents and the
separation between ON and OFF resistance states were also found to be dependent on the GO film
thickness. Increasing the film thickness from 70 nm to 370 nm decreased both the ON and OFF currents,
whilst interestingly, the conductance ON/OFF ratio increased from 1.4 to 10,000, as shown in Figure 5
(b). A further increase in the GO film thickness to 500 nm, decreased both the ON and OFF currents and
diminished the conductance ON/OFF ratio to a value of =5. It is apparent from the graph that an optimum
value of the conductance ON/OFF ratio exists for a specific film thickness. [Note: in all cases the

conductance ON/OFF values were measured at 0.14 V]
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Fig.5. a) I-V characteristics of vertical structured ITO/GO/Ag optical memory devices with different GO
film thicknesses. b) The conductance ON/OFF ratio and the ON and OFF currents as a function of GO
film thickness at 0.14 V. c) Five successive |-V sweeps of an ITO/GO/Ag device (d~105 nm) showing
the reproducibility of device performance. d) Curve fitting using an SCLC model on an ITO/GO/Ag

optical memristor with a 370 nm thick of GO film.

Reproducibility of the electronic memristor switching of the memristor device is demonstrated in Figure
5(c). The graph shows five successive I-V sweeps of an ITO/GO/Ag device with a GO film thickness of
105 nm. It is apparent from this graph that the device exhibited good reliability, and no degradation was

observed after 5 successive I-V sweeps.
In Figure 5(d) the conduction mechanism of the GO memristor device is examined by plotting the

positive part of the I-V curve on a log — log scale. Initially the device was in the HRS (OFF) state from

0 to 0.83 V. Within this range the device exhibits linear behaviour with a slope of ~ 1 from 0 to 0.14 V.
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This can be attributed to Ohmic conduction, whereby the charge transport arises from thermally
generated carriers. At higher applied bias, 0.17 <V < 0.65, the slope changes to ~ 2, and the current
exhibits the voltage square dependence, locV2, which can be attributed to the trap-controlled space charge
limited current (TC-SCLC) described by the Mott-Gurney law,[36] and given by:

9euv?
J =" (1)

where J is the current density, ¢ is the dielectric constant, x is the free carrier mobility, V is the applied

voltage, and d is the insulator thickness.

In the region of 0.68 <V < 0.82 a much steeper rate of current increase occurs with a slope of about 5,
indicating that all traps are filled. The conduction in this region can be ascribed to trap-filled space charge
limited conduction (TF-SCLC). At the threshold of 0.83 V, an abrupt transition in the current takes place,
switching the device from the HRS (OFF) to the LRS (ON) state. In the case of the LRS, the conduction
mechanism is completely dominated by Ohmic conduction for the return voltage region from1 Vto O V.
This region shows a linear dependence of current with applied voltage, | «< V, with a slope of ~ 1. The
fitting graph suggests that the conduction mechanism corresponding to the electrical bistability in our

optical device is attributed to the Space-Charge-Limited-Current (SCLC).

4. Discussion

Graphene oxide (GO) is chemically the same as graphite oxide but is structurally very different as it
consists of exfoliated monolayers or few-layered stacks. The stacked structure of GO contains many
oxide functionalities typically epoxy, hydroxyl, carbonyl and carboxyl groups on a carbon framework. It
can be viewed as graphene with the oxygen functional groups decorating the basal plane and edges. Since
the sp? interplanar spacing is disrupted the material acts as an insulator with a typical band gap of 4.2 -
5.5 eV. The conductivity of GO is ionic in nature and is highly dependent on its environment. It is known
to vary between 5 x 10 S/cm and 4 x 10 S/cm, depending on its local environment[37][38]. Removal
of the oxygen species to form reduced graphene oxide (r-GO) allows re-establishment of the graphene
like carbon lattice network, hybridised bonding and formation of a delocalised network of charge
carrying electrons[39], which greatly increases the conductivity of the material to approximately 3 order

of magnitude less than pristine graphene. Since removal of the oxide functionalities also modifies the

©2019, Elsevier. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



band gap[40][41], this provides a control mechanism for band-gap engineering, which opens the route to
many potential optical and photovoltaic applications.

The GO-based non-volatile memory devices with planar and vertical structures both show reliable and
repeatable resistive switching properties at low applied voltages. In the case of planar devices, a forming
process was needed to initiate resistive switching. The mechanism of forming in GO resistive switching
devices has not been definitively established. In the case of metal-oxide systems it is expected to be due
to the movement of defects in the material itself (e.g. oxygen vacancies) or the migration of metal ions
from the electrodes. We expect a similar mechanism occurs in GO and there is increasing evidence to
support that this is mediated by oxygen vacancy migration.[28] However, it is unclear why a forming
step is required in planar devices but not vertical devices, which warrants further studies. Certainly, in
vertical devices the migration of metal ions and oxygen would be more difficult since these atoms cannot
move through the graphene plane, but must circumvent around the edges of flakes (note: graphene layers
are impermeable[42] to all atoms and molecules, even hydrogen, which explains the bubbling effect
observed in films, since any gas that arises from the electroforming step cannot diffuse easily out of the
graphene layers and instead forms a bubble, as shown in Figure 2.) However, in vertical devices, since
only one pathway is needed to form a conducting channel, the chance of this occuring naturally (i.e.
without the need of a forming step) across the much thinner film thickness (100-200 nm) would be
significantly higher than that of the planar device, which has a much larger electrode separation (50 um).
In the case of the vertical devices the naturally formed conductive channel may be a very small localized

region where many vertically stacked flakes have a similarly positioned edge.

The highly anisotropic nature of the graphene flakes would also be expected to play a role in the device’s
electronic properties and forming process since the current paths would be very different in the vertical
and planar devices. For vertical devices, since the graphene flakes tend to lie parallel to the surface, the
current path will be in the direction perpendicular to the plane of the graphene flakes, whereas in planar
devices, the current path will be along the graphene flakes. In addition, the heterogeneous nature of
conduction in the films, due to disorder, also needs to be considered since reduced GO is said to contain
regions of delocalized states with relatively high conductance that are separated by disordered regions

with localized states, where the conduction is by hopping[43].

The planar and vertical GO devices exhibit significant differences in the current-voltage curves and

switching properties, as shown by Figures 2b) and 4b). Planar devices exhibit resistive switching with
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smooth transitions between the HRS and LRS. This type of switching is generally consistent with non-
filamentary like behaviour. In contrast, vertical devices exhibit abrupt switching characteristics and
evidence of multilevel states, which is typically associated with either filamenary-like behaviour or a
space charge mechanism. In addition, the conductance ON/OFF ratio of vertical devices is much larger,
reaching as high as 10%,

Previous studies have attempted to clarify the origin of resistive switching in GO devices. In a crossbar
device structure[44] consisting of GO thin film sandwiched between top and bottom aluminium
electrodes, resistive switching behaviour was observed and attributed to the formation and rupture of
conductive paths that are induced by the back and forth movement of oxygen ions in the film and the
formation of barrier layer (Al.O3) at the interface of GO/AI top contact during the SET and RESET
processes. It was proposed that deposition of the top Al contact on the GO film formed an insulating
interface layer through a redox reaction between Al and GO films. Application of high electric field
diffuses the oxygen ions out of the locally concentrated electric field regions and produces highly reduced
GO paths within the GO film. The electric field also diffuses the metal ions into the insulating interface
layer and that forms Al conductive channels. Consequently, conductive channels occur across both the
GO film and interface layer that switch the device to the LRS. Reversing the polarity of the applied bias
diffuses the oxygen ions back into the conductive channel regions of GO film and that switches the device
to the HRS state[28,45]. However, in contrast to this previous work, our devices were not made with
aluminium, but instead either had both ITO as electrodes (planar) or ITO and Ag as electrode (vertical).
Certainly, it is known that Ag atoms are relatively mobile and can form metallic atomic-sized bridges
with voltage pulses [46] but it is less clear if this occurs in the case of ITO. A further complication is

whether these bridges could form in a vertical device due to the impermeable nature of GO.

The main focus of this work is the optical tunable properties of the memristor device. Exposure of the
planar and vertical structured memristor devices to light produced significant changes in the electrical
and switching properties of the devices. Both devices types exhibited a sizeable photoconductance effect.
This effect is well-known in graphene oxide and is attributed to photoexcitation of electrons into the
conduction GO conduction band. The band gap of GO is expected to be 4.2 - 5.5 eV, which is consistent
with the photoreponse of the devices, which were 10 times larger in the case of short wavelength UV
light (380 nm or 3.3 eV) in contrast to red wavelength light (625 nm or 2.0 eV). However, GO can also
be reduced to a more conductive form through a complex light induced heating effect which depends not

only on the wavelength of the light but also its intensity.[47][48] In this work we observed that in the
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case of low intensity light at long wavelength, the photoconductance effect is perfectly reversible, as seen
by others in the wavelength range from 455 nm to 980 nm [49]. However, in the case of shorter
wavelength light, the photoconductance effect in the memristor devices was only partially reversible and
this can be attributed to photoinduced reduction of the graphene oxide. This occurred in both planar and
vertical device structures and significantly altered the memristor switching properties of the devices, as
reported in Figures 3b) and 4b).

Light tunable memristor switching has important application in neuromorphic computing applications
since it allows control of the learning properties of artificial synapses by light[12]. The ability of light to
pattern either individual or entire regions containing many memristors can be used as an additional degree
of freedom to independently control and govern large scale neuromorphic systems, enabling a type of
hierarchical management that could be used to modify, fine-tune or completely change the learning
abilities of the system when needed. Illumination of the devices by UV light shifted both the ON and
OFF states to higher current values whereas turning the light OFF shifted the ON and OFF states to lower
(initial) current values. In this work, we attribute the increase of the current upon UV irradiation to the
photocurrent response of the GO film[50,51]. Exposure of the device to UV light generates hole and
electron pairs and application of an electric field separates these pairs which result in a photocurrent
response. Both planar and vertical devices exhibited changes in the shape of the I-V curves during and
after exporsure to light. In the case of the vertical devices this was significantly greater and also occurred

along with large changes in the threshold switching voltages.

5. Conclusions

In summary, this paper reports on the first optically tunable graphene oxide memristor device. Two types
of device structures, planar and vertical, are reported. In both cases the devices are switchable by either
optical or electronic means, or by a combination of both. Both devices exhibit unique wavelength
dependent properties. Reversible and irreversible optical switching properties arise from the use of short
wavelength light, whereas for long wavelength light the switching is purely reversible. The reversible
optical switching is due to a photoconductance effect, whereas the irreversible switching property is due
to reduction of the graphene oxide. The optical modulation of the resistive switching properties using

long wavelength light has application in emulating short-term memory effects in neuromorphic
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computing and weight-adjustable learning in neural networks. In contrast, the short wavelength effect,

causing irreversible changes, has important application in setting the initial value of weights in neural

network to pre-defined values.
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